CP mixed property of the Higgs-like particle in the decay channel $h\to
  Z Z^*\to 4l$ by Sun, Yi et al.
ar
X
iv
:1
30
9.
41
71
v3
  [
he
p-
ph
]  
25
 M
ar 
20
14
USTC-ICTS-13-12
CP mixed property of the Higgs-like particle in the
decay channel h→ ZZ∗ → 4l
Yi Sun∗, Xian-Fu Wang†, Dao-Neng Gao‡
Interdisciplinary Center for Theoretical Study, University of Science and Technology of China,
Hefei, Anhui 230026 China
Abstract
Current experiments do not support, as ATLAS and CMS collaborations at the
Large Hadron Collider reported, that the Higgs-like resonance discovered in July
2012 is a pure CP-odd state. We examine a general hZZ vertex which contains CP-
even and CP-odd couplings, by studying the process h → ZZ∗ → l+1 l−1 l+2 l−2 with
l1, l2 = e or µ, to explore the CP mixed property of the Higgs-like particle. One
momentum asymmetry and two angular asymmetries have been analyzed in order
to reveal the difference from different CP-couplings. Our study shows that these
asymmetries could be interesting observables in the future precise experiments.
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1 Introduction
After more than forty years’ efforts, a Higgs-like particle at around 125 GeV was finally
found in July 2012 thanks to the hard work of ATLAS [1] and CMS [2] Collaborations
at the Large Hadron Collider (LHC). In order to identify the new resonance with the
standard model (SM) Higgs boson, one has to confirm its fundamental quantum numbers,
e.g. spin and parity. The authors of the literatures [3–10] have provided a useful method
to discriminate between pure scalar and pure pseudoscalar state for the new particle. The
observations of the h→ ZZ∗ → 4l and h→WW ∗ → lνlν channels in the ATLAS [11,12]
and CMS [13, 14] show that the SM Higgs boson is consistent with the experiments and
a pure CP-odd Higgs is disfavored. However, it is also possible that the new particle,
besides owning the similar coupling structures as the SM Higgs boson, is affected by
the new physics (NP), for example, the CP violating NP which will introduce CP-odd
component into the SM Higgs boson. In such scenario, the Higgs-like resonance should
be a CP mixed state, rather than a CP eigenstate. Thus it is of interest to explore the
CP mixed property of the Higgs-like particle both to increase our understanding of the
Higgs physics and to search for the NP beyond the SM.
Some authors [4–10] have studied the decay channel h → ZZ∗ → l+1 l−1 l+2 l−2 with l1,
l2 = e or µ and investigated the effects of the CP-even and CP-odd hZZ couplings. For
example, the authors of the literature [9] defined a momentum asymmetry to study the
q2 distribution in the differential decay rate of h → ZZ∗ → 4l for various hZZ coupling
structures, where q2 is the momentum square of the virtual intermediate gauge boson
Z. Godbole et al. [10] constructed some angular asymmetries in this channel to directly
probe the ratio of the CP-even and CP-odd components.
Since some events in this channel have been collected and well analyzed experimentally
[11, 13], we further extend previous works [9, 10] and analyze a momentum asymmetry
and two angular asymmetries to show the difference from different CP-couplings. The
newly reported mass value of the Higgs boson candidate from [1, 2] will be used in our
calculation. These asymmetries can clearly show the ratios of different couplings in the
general hZZ vertex, in other words, the CP mixed property of the Higgs-like particle, and
therefore might be interesting observables in the future precise experiments to explore the
NP in the Higgs sector.
The paper is organized as follows. In section 2, the amplitude of the process h →
ZZ∗ → 4l is evaluated, and the expressions of the differential decay rate and some
asymmetries are presented. Section 3 is our numerical analysis and some discussions
on phenomenology. Finally, we give a summary in section 4.
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Figure 1: The definitions of variables for h→ ZZ∗ → 4l
2 Amplitude of h→ ZZ∗ → 4l
The process h→ ZZ∗ → 4l is given in figure 1 where the Higgs boson decays to two gauge
bosons Z(p) and Z∗(q), one of which is real with momentum square p2 and the other is
virtual with momentum square q2, then each of them decays to a lepton pair. The polar
angles of lepton pairs l+1 l
−
1 and l
+
2 l
−
2 in the rest frame of their parent gauge boson Z
are denoted as θ1 and θ2, respectively, and the azimuthal angle of the planes formed by
each lepton pair and their parent gauge boson in the Higgs rest frame is denoted as φ.
Some events in this process have been collected in the experiments. ATLAS [11] selects
the events satisfying
√
p2 ∈ [50, 106]GeV and
√
q2 ∈ [12, 115]GeV while for CMS [13],√
p2 ∈ [40, 120]GeV and
√
q2 ∈ [12, 120]GeV. For this reason, to perform a complete
theoretical analysis, one should regard p2 as a variable. However, the phase space [mZ −
ΓZ , mZ+ΓZ ] for
√
p2 gives the dominant contribution, so we will take p2 = m2Z throughout
this paper for simplicity. On the other hand, we choose
√
q2 ∈ [12GeV, mh −mZ ] in our
calculation where the upper bound corresponds to the kinematically allowed maximum
and the lower bound is set according to the experiments. Since the τ± pair in the final
states is not easy to be observed, we discuss only, as the experiments did, four channels
h → ZZ∗ → e+e−e+e−/e+e−µ+µ−/µ+µ−e+e−/µ+µ−µ+µ−. Additionally, the masses of
the light leptons me and mµ in the final states only give the next leading order O(
ml
mZ
)
contribution and hence will be neglected.
The general form of the effective hZZ vertex, including both CP-even and CP-odd
couplings, can be written as [10]
VhZZ = igmZ
cos θw
(a gµν + b
k1µk2ν
m2Z
+ c ǫµναβ
kα1 k
β
2
m2Z
), (1)
where k1 = p+ q, k2 = p− q, θw is the Weinberg mixing angle, g is the coupling constant
of SU(2)L and ǫµναβ is the totally antisymmetric tensor with ǫ0123 = 1. The tree level
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SM coupling corresponds to a = 1, b = c = 0 and the SM Higgs boson is a pure CP-even
state. Although the parameters a and b will be corrected by the loop effect in the SM,
we will identify a = 1, b = c = 0 as the SM case, since the contribution of the radiative
corrections is small [15]. The second term, another kind of CP-even coupling, is a high
dimension operator which might be generated from the loop diagrams or heavy degrees
of freedom. The third term will introduce a CP-odd coupling and violate CP symmetry.
These three terms will be referred henceforth as 0+m, 0
+
h and 0
− cases, respectively. In
general, when we go beyond the SM, parameters a, b and c can be complex. However,
since their imaginary parts might destroy the hermiticity of the effective theory [10] and
the process is dominated by the tree level in the SM, we will assume in this work, for
simplicity, the parameters a, b and c in eq. (1) are all real.
The differential decay rate of the process h→ ZZ∗ → 4l can be expressed as
d4Γ
dcθ1 dcθ2dφdq
2
=
p2q2
213π5mh
β(a21 + v
2
1)(a
2
2 + v
2
2)BW (p
2)BW (q2){
a2(s2θ1s
2
θ2 −
1
2γa
s2θ1s2θ2cφ +
1
2γ2a
((1 + c2θ1)(1 + c
2
θ2) + s
2
θ1s
2
θ2c2φ)
−2η1η2
γa
(sθ1sθ2cφ −
1
γa
cθ1cθ2))
+ b2
γ4b
γ2a
x2 s2θ1s
2
θ2
+ c2
γ2b
γ2a
4x2 (1 + c2θ1c
2
θ2
− 1
2
s2θ1s
2
θ2
(1 + c2φ) + 2η1η2cθ1cθ2)
− 2abγ
2
b
γ2a
x (−γas2θ1s2θ2 +
1
4
s2θ1s2θ2cφ + η1η2sθ1sθ2cφ)
− 2acγb
γa
2x sθ1sθ2sφ(−cθ1cθ2 +
sθ1sθ2cφ
γa
− η1η2)
+ 2bc
γ3b
γ2a
2x2 sθ1sθ2sφ(cθ1cθ2 + η1η2)}, (2)
which can be obtained by setting the parameters a, b and c in the literature [10] real. The
notations sθi , cθi and cφ denote sin θi, cos θi and cosφ, respectively. The ηi, in terms of
the vector and axial vector couplings of Zl+l−, is
ηi =
2alivli
a2li + v
2
li
with ali = T
3
li
and vli = T
3
li
− 2Qli sin2 θw, (3)
where T 3li is the third component of the weak isospin and Qli is, in unit of e, the electric
charge of the lepton l−i . Some variables γb =
m2
h
2
√
p2q2
β, γ2a = γ
2
b + 1 and x =
√
p2q2
m2
Z
are
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introduced in eq. (2) while β and BW (s) are defined as
β =
√
(m2h − p2 − q2)2 − 4p2q2
m2h
,
BW (s) =
1
(s−m2Z)2 +m2ZΓ2Z
. (4)
For the real gauge boson Z, BW (s) = 1
m2
Z
Γ2
Z
.
Integrating the differential decay rate over all of the angular variables, one obtains
dΓ
dq2
=
p2q2
2304π5mh
β(a21 + v
2
1)(a
2
2 + v
2
2)BW (p
2)BW (q2)(2a2 + 8(cxγb)
2 + (aγa + bxγ
2
b )
2), (5)
and the decay rate of this process reads
Γ =
∫ (mh−mZ)2
(12GeV)2
dΓ
dq2
dq2. (6)
The lepton masses have been neglected in the above equations due to me, mµ ≪ mZ .
Actually, if we study the decay channel h→ ZZ∗ → e+e−e+e− or µ+µ−µ+µ−, additional
symmetry factor 1
4
should be included. However, all of the asymmetries discussed in the
present work are ratios and independent on the overall factor, one can forget the symmetry
factor in the calculation.
The q2 distributions in the differential decay rate of h→ ZZ∗ → 4l for different hZZ
couplings could be different. The authors of the literature [9] constructed an interesting
observable called high-low asymmetry, which is defined as
AHL(q2high, q2mid, q2low) =
∫ q2
high
q2
mid
dΓ
dq2
dq2 − ∫ q2mid
q2
low
dΓ
dq2
dq2
∫ q2
high
q2
mid
dΓ
dq2
dq2 +
∫ q2
mid
q2
low
dΓ
dq2
dq2
, (7)
to probe such difference. Comparing with ATLAS [16] and CMS [17] data, they found the
spin-2 Higgs is disfavored by the experiments. We extend their analysis to the 0+h case,
which was not considered in the literature [9], and reveal some interesting phenomena.
This will be discussed in the next section.
In order to directly probe various couplings in the general hZZ vertex, we shall study,
according to ref. [10], two angular asymmetries, which might be very interesting observ-
ables in the future experiments. The first one is
A1(q
2) = (
∫ pi
pi/2
dΓ
dq2dφ
dφ+
∫ 2pi
3pi/2
dΓ
dq2dφ
dφ−
∫ pi/2
0
dΓ
dq2dφ
dφ−
∫ 3pi/2
pi
dΓ
dq2dφ
dφ)/
dΓ
dq2
=
4acxγb
π(2a2 + 8(cxγb)2 + (aγa + bxγaγ2b )
2)
. (8)
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It is easily found that such asymmetry selects terms containing sin 2φ and is proportional
to ac. The corresponding integrated asymmetry over q2 is
A1(q2low, q2high) =
∫ q2
high
q2
low
4q2βBW (q2)acxγbdq
2
∫ q2
high
q2
low
πq2βBW (q2)(2a2 + 8(cxγb)2 + (aγa + bxγ2b )
2)dq2
. (9)
By observing these asymmetries in the experiments, one can get information about the
CP-odd term and have a more profound understanding about the CP mixed property of
the Higgs-like particle.
The other angular asymmetry can be defined as
A2(q
2) = (
∫ pi
0
∫ pi/2
0
∫ pi/2
0
+
∫ pi
0
∫ pi
pi/2
∫ pi
pi/2
+
∫ 2pi
pi
∫ pi/2
0
∫ pi
pi/2
+
∫ 2pi
pi
∫ pi
pi/2
∫ pi/2
0
−
∫ pi
0
∫ pi/2
0
∫ pi
pi/2
−
∫ pi
0
∫ pi
pi/2
∫ pi/2
0
−
∫ 2pi
pi
∫ pi/2
0
∫ pi/2
0
−
∫ 2pi
pi
∫ pi
pi/2
∫ pi
pi/2
)
dΓ
dq2d cos θ1d cos θ2dφ
d cos θ1d cos θ2dφ/
dΓ
dq2
=
2cxγb(aγa + bxγ
2
b )
π(2a2 + 8(cxγb)2 + (aγa + bxγ2b )
2)
. (10)
It is seen that such asymmetry selects terms containing cos θ1 cos θ2 sinφ and is contributed
by terms containing ac or bc. The corresponding integrated asymmetry over q2 is
A2(q2low, q2high) =
∫ q2
high
q2
low
2q2βBW (q2)cxγb(aγa + bxγ
2
b )dq
2
∫ q2
high
q2
low
πq2βBW (q2)(2a2 + 8(cxγb)2 + (aγa + bxγ2b )
2)dq2
. (11)
The observables A1 and A2 are not totally independent in our formula. After per-
forming a combined analysis of them, one can construct an interesting quantity as
R = A2(q
2
low, q
2
high)g1(q
2
low, q
2
high)
A1(q2low, q2high)g3(q2low, q2high)
− g2(q
2
low, q
2
high)
g3(q2low, q
2
high)
, (12)
with
g1(q
2
low, q
2
high) =
∫ q2
high
q2
low
2q2βxγbBW (q
2)dq2, g2(q
2
low, q
2
high) =
∫ q2
high
q2
low
q2βxγaγbBW (q
2)dq2,
g3(q
2
low, q
2
high) =
∫ q2
high
q2
low
q2βx2γ3bBW (q
2)dq2. (13)
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R ≡ b
a
, by definition, is a constant and proportional to b in our formula and has no any
relationship with the momentum region1 appearing on the right-hand side of eq. (12). For
this reason, the studies of this quality in the experiments are very important. First, the
parameter R is proportional to b and hence reflects the magnitude of the 0+h component
of the Higgs-like particle. If R is close to zero, which means b ∼ 0, the 0+h component
of the Higgs-like particle is negligible while the large R means that the 0+h component is
important. Second, it is also interesting to study such quantity in different momentum
regions in the experiments and examine whether it is a constant or not. If the answer is
negative, the most possible reason is that the momentum-dependence of the parameters
a, b and c cannot be neglected. Of course, it is also not an easy work to fix that R is not
a constant experimentally.
3 Analysis
3.1 High-low asymmetry
The q2 distributions in the normalized differential decay rate of h → ZZ∗ → 4l for
various couplings have been plotted in figure 2. We found that the behavior of the
0+h Higgs boson is different from 0
+
m and 0
− cases. Such difference can also be seen
by studying the corresponding high-low asymmetries. Here we choose the high energy
region as [22GeV, 32GeV] and the low energy region [12GeV, 22GeV], which means the
parameters in eq. (7) are set to be
√
q2high = 32GeV,
√
q2mid = 22GeV and
√
q2low =
12GeV.
After the successful running of the LHC in 2011 and 2012, some events in the decay
channel h → ZZ∗ → 4l have been collected, therein ATLAS [11] observed 7.8 events at
the high energy region and 8.1 events at the low energy region while CMS [13] reported
7.6 and 5.1. According to the eq. (7), one can obtain the high-low asymmetries as
AATLASHL = −0.02± 0.094, ACMSHL = 0.19. (14)
The uncertainty on the AATLASHL is evaluated according to the uncertainty on the exper-
iment data as given in the literature [11] whereas for the CMS [13], the uncertainty is
not available. The high-low asymmetries for various couplings in our formula can be
1Generally, a, b and c should be momentum dependent. Since such dependence is origin from inte-
grating over the degree of freedom in the high energy scale, it is reasonable to suppose these parameters
are constant in the electroweak scale.
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Figure 2: The normalized differential decay rate of h→ ZZ∗ → 4l for various couplings.
The real line shows the behavior of the SM Higgs, the dotted line corresponds to the 0+h
case and the dashed line the 0− case.
calculated as
A0+mHL = 0.23, A0
+
h
HL = −0.45, A0
−
HL = 0.20, (15)
which correspond to the SM, 0+h , 0
− cases, respectively. One can find that A0
+
h
HL is notably
different from A0+mHL and A0
−
HL and also deviates from the experiment values AATLASHL and
ACMSHL as given in eq. (14). On the other hand, the high-low asymmetry value of the SM
Higgs boson A0+mHL is consistent with that of the ATLAS AATLASHL and CMS ACMSHL . Since
the behaviors of the 0+m and 0
− Higgs are similar in figure 2, such asymmetry cannot give
any useful constraint on the CP-odd component.
3.2 Angular asymmetries
In order to analyze the CP mixed property of the Higgs-like particle in the full parameter
space of a, b and c, we define two useful variables as
f2 =
b
a+ b
, f3 =
c
a+ c
, (16)
where 0 ≤ (f2, f3) ≤ 1. f2 = f3 = 0 is associate with the 0+m case, f2 = 1 and f3 =
0 corresponds to the 0+h case while f3 = 1 and f2 = 0 the 0
− case. The integrated
asymmetries A1 and A2 in the full parameter space of f2 and f3 have been plotted in
figures 3 and 4, respectively, where the variables of integration in eqs. (9) and (11) are
7
Figure 3: The integrated asymmetry A1 with
√
q2low = 12GeV and
√
q2high = (mh −mZ)
in the full parameter space of f2 and f3.
Figure 4: The integrated asymmetry A2 with
√
q2low = 12GeV and
√
q2high = (mh −mZ)
in the full parameter space of f2 and f3.
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Figure 5: The angular asymmetry A1 with the change of f3 and the invariant mass of the
lepton pair
√
q2 where f2 is set to be zero.
Figure 6: The angular asymmetry A2 with the change of f3 and the invariant mass of the
lepton pair
√
q2 where f2 is set to be zero.
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set to be
√
q2low = 12GeV and
√
q2high = (mh −mZ) with mh = 125GeV. It is found that
the behaviors of A1 and A2 are similar. They both reach the maximal value, which could
be up to 10−1, when f3 ∼ 0.7, and can be higher than 3% in most of the parameter space.
Actually, these integrated asymmetries A1 and A2, as a function of c/a, with b = 0 and
mh = 150 GeV, have been investigated in the literature [10].
Taking a close look at figures 3 and 4, one can find that the integrated asymmetries,
when f2 < 0.7, are not sensitive to the change of f2. We therefore choose f2 = 0 and plot
the behaviors of the differential asymmetries A1 and A2 with the change of f3 and
√
q2, as
shown in figures 5 and 6. The maximal values of A1 and A2 are 11% and 13%, respectively,
and these asymmetries can be larger than 3% in most of the parameter space. We also
notice that, if the NP effect is weak, e.g. b, c ∼ 0.1a, the angular asymmetries, only about
1%, are also hard to be observed and there will be a long way for us to understand the
NP.
4 Summary
We have examined the general hZZ vertex which contains the SM, high dimension CP-
even and CP-odd coupling structures. By studying the process h→ ZZ∗ → l+1 l−1 l+2 l−2 with
l1, l2 = e or µ, we have analyzed the high-low momentum asymmetry and two angular
asymmetries to explore the CP mixed property of the Higgs-like particle. The newly
reported mass value of the Higgs boson candidate from the LHC [1,2], mh=125 GeV, has
been used in our calculation.
The studies of the high-low momentum asymmetry has shown that the 0+h Higgs is
disfavored by the present data. In order to further understand the nature of the CP-odd
component, we have analyzed two angular asymmetries in the process h → ZZ∗ → 4l.
The integrated angular asymmetries A1 and A2 could be over 3% in most of the parameter
space, and their maximal values can be up to 10−1. Therefore these asymmetries are
worth to be seriously considered in the future precise experiments and may provide us
some important information on the CP mixed property of the new resonance.
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